which contains the exon encoding the fourth transmembrane domain of the transporter, with a neomycin-resisIntroduction tance cassette ( Figure 1A) . By using standard transgenic and mouse breeding techniques, chimeric mice were Amino acids serve as neurotransmitters throughout the obtained and used to generate F1 offspring heterozyanimal kingdom. Glutamate is the predominant excitgous for GlyT2. These animals appeared phenotypically atory transmitter, and ␥-aminobutyric acid (GABA) and normal and showed undisturbed development and fertilglycine are the major inhibitory transmitters in the mamity. Intercrossing of the heterozygous mice generated malian CNS. The postsynaptic actions of these amino wild-type (ϩ/ϩ) as well as heterozygous (ϩ/Ϫ) and hoacids are terminated by specific ion-driven transporter mozygous (Ϫ/Ϫ) GlyT2 mutant mice, as determined by proteins, which mediate transmitter re-uptake into nerve Southern blot analysis ( Figure 1B protein in the GlyT2-deficient mice ( Figure 1D ). We there-4 Present address: Department of Anatomy and Neuroscience, fore conclude that GlyT2 was not expressed in homozy-
Body weight and general appearance of the homozyFriauf et al., 1999). Also, a more modest ‫)%52ف(‬ but signifigous GlyT2 Ϫ/Ϫ pups were normal at birth. However, GlyT2 cant reduction was found with membranes from homomutant animals gained weight more slowly than their wild-type littermates (Table 1) . Unexpectedly, homozygous GlyT2 Ϫ/Ϫ mice died prematurely around the end of the second postnatal week after displaying a complex neuromotor phenotype characterized by spasticity, a rigid muscle tone, strong tremor, and a severely impaired righting response. In most homozygous animals, these symptoms were clearly seen at P10; usually, first signs of an increased muscle tone were already detectable at P8. Only an extremely low number of pups already displayed spasticity and tremor at P9, or after P10, i.e., at P11 only. Homozygous animals therefore were routinely killed at P10 for analysis.
In an attempt to monitor the phenotypic properties of these mutant mice more closely, simple handling assays 
2000). Vibrations produced by tremor-derived movements
Data are given as means Ϯ SD (n ϭ 3-4 for each genotype). Asterisk were recorded over time as apparent weight changes.
indicates significantly different from wild-type mice, p Ͻ 0.001 (Student's t test).
In contrast to wild-type and heterozygous littermates, all GlyT2 Ϫ/Ϫ mice developed strong spontaneous tremor, on their back, and the time required to regain the upright position was determined. Wild-type and heterozygous as demonstrated by high amplitudes of the electromechanical tracings, which reflect strong tremor-induced animals immediately turned themselves over, righting themselves onto all four legs. Notably, GlyT2 Ϫ/Ϫ mice movements ( Figure 3A) . As a second criterion to evaluate neuromotor performance, we scored the so-called were unable to perform this task and never righted themselves, as indicated in Table 1 . In summary, GlyT2-defi-"hind feet clasping" behavior that characterizes mice carrying mutations in GlyR structural genes (Hartenstein cient mice displayed a lethal neuromotor disorder that developed after the first postnatal week and was characet al., 1996; Becker et al., 2000). When picked up by their tail, GlyT2 ϩ/ϩ and GlyT2 ϩ/Ϫ mice tended to move terized by muscular spasticity, tremor, and an inability to right. Death presumably occurred as a consequence heavily while spreading out their legs. In contrast, GlyT2 mutant animals showed an abnormal behavior, clasping of the inability to feed, desiccation, and continued convulsions. their hind feet between episodes of tremor, as shown in Figure 3B . Finally, a third parameter measured to monitor animal motor performance was the righting reGlyT2 Ϫ/Ϫ Mice Show Normal Histology sponse reflex (Hartenstein et al., 1996). Mice were turned and Synaptic Protein Expression To exclude the possibility that the lethal phenotype of GlyT2 Ϫ/Ϫ mice is due to developmental abnormalities, a general histological analysis was performed. No defects in skeletal muscles or visceral organs were found in 10-day-old mutant animals (data not shown). Similarly, no differences between GlyT2 Ϫ/Ϫ and GlyT2 ϩ/ϩ mice were detected when examining brain stem and spinal cord sections ( Figure 4A ). Thus, homozygous GlyT2 Ϫ/Ϫ animals appeared histologically indistinguishable from GlyT2 ϩ/ϩ littermates.
Depression of glycine uptake, due to inactivation of GlyT2, might cause compensatory changes in the expression of synaptic proteins. Western blot analysis performed on spinal cord membranes prepared from P10 wild-type and GlyT2-deficient mice as described (Gomeza To examine the effects of GlyT2 gene deletion on gly- from 8-to 9-day-old wild-type and GlyT2 Ϫ/Ϫ mice. At this 15.9 Ϯ 3.9 pA (n ϭ 6, p Ͻ 0.001). The mean mIPSC frequency in wild-type neurons was 2.5 Ϯ 1.1 Hz (n ϭ 4). In GlyT2 Ϫ/Ϫ mice, the frequency of mIPSCs was reduced to 0.4 Ϯ 0.4 Hz (n ϭ 6, p ϭ 0.001). The decay of mIPSC was not significantly changed in the mutant (wildtype, 14.4 Ϯ 2.7 ms versus GlyT2 Ϫ/Ϫ , 11.9 Ϯ 5.9 ms). deficiency exerts exclusively presynaptic effects. Our and 5C). Mean IPSC frequencies in wild-type neurons data indicate that the absence of GlyT2 reduces the were 14.9 Ϯ 10.5 Hz (n ϭ 6) and in GlyT2 Ϫ/Ϫ cells 2.1 Ϯ amplitude but not the frequency of glycinergic mIPSCs, 3.2 Hz (n ϭ 11, p ϭ 0.001) ( Figure 5D ). We attribute this a finding that accounts for the reduced glycinergic activreduction in IPSC frequency to small events that were ity of the mutant animals. not detectable in the comparatively high noise of these recordings ( Figure 5B) .
Reduced Glycinergic mIPSCs in Cultured GlyT2
We also analyzed action potential-independent IPSCs Discussion (mIPSCs) in the presence of 0.5 M tetrodotoxin and 100 mM sucrose (data not shown). Under these conditions,
GlyT2 Is Essential for Vital Postnatal Functions
Here, we report a genetic analysis of the in vivo function mIPSCs in hypoglossal motoneurons from wild-type animals showed an amplitude of 28.8 Ϯ 7.9 pA (n ϭ 4), of the neuronal GlyT subtype, GlyT2, in the mouse central nervous system. As demonstrated by Southern blotwhereas the mIPSC amplitudes in GlyT2 Ϫ/Ϫ neurons were significantly reduced, with a mean amplitude of ting, RT-PCR, Western blot analysis, and glycine uptake , 1996) . Similarly, loss of the GlyR anthe homozygous knockout mice thus can be confidently attributed to GlyT2 deletion. choring protein gephyrin in gephyrin knockout mice prevents synaptic accumulation of GlyRs and leads to a GlyT2 Ϫ/Ϫ mice appeared normal at birth but died during the second postnatal week after developing a severe lethal phenotype that mimics symptoms seen upon strychnine poisoning (Feng et al., 1998). In conclusion, neuromotor disorder, whose symptoms were entirely different from those seen upon GlyT1 deletion (Gomeza impaired postsynaptic GlyR function or clustering causes a phenotype that closely resembles that of GlyT2 Ϫ/Ϫ anet al.
, 2003). As in GlyT1
Ϫ/Ϫ mice, no histological defects were detected in peripheral organs or in caudal regions imals. Because of these similarities, we considered the posof the CNS, where GlyT2 is mainly expressed. We therefore conclude that GlyT2, like GlyT1, is not required for sibility that the neurological symptoms of GlyT2 Ϫ/Ϫ mice might be due to changes in GlyR expression or postsynorganogenesis during embryonic development but is essential for postnatal CNS functions. ., 2003) . Together, these observalevels or localization of these GlyR␣ subunits might account for the abnormal phenotype seen in GlyT2 Ϫ/Ϫ tions argue against a postsynaptic origin of the observed reduction in mIPSC amplitudes and suggest that the mice. Therefore, we examined the postnatal expression of the GlyR␣1 subunit in spinal cord sections of GlyT2 Ϫ/Ϫ consequences of GlyT2 deficiency are exclusively presynaptic. In slice preparations, a decrease in IPSC and mice and wild-type littermates. In the latter, low levels of the ␣1 subunit were present at birth, which increased mIPSC frequencies was additionally seen, which was not apparent in recordings from cultured cells. We attriabout 3-fold during the first 10 postnatal days. No differences were found during this developmental period in bute this difference to a loss of small events resulting from the relatively high noise levels present in slices. In the fluorescence intensity and localization of ␣1-immunoreactive puncta between wild-type and GlyT2 knocksummary, our results support the view that GlyT2 function is required for the maintenance of normal quantal out sections, indicating that the postnatal switch of GlyR␣ subunit isoforms is not affected in GlyT2 Ϫ/Ϫ aniglycine contents in synaptic vesicles. Apparently, glycinergic neurotransmission critically depends on an apmals. Hence, the severe phenotype observed in GlyT2 Ϫ/Ϫ mice cannot be attributed to an alteration in GlyR subpropriately sized pool of glycine in the presynaptic termiunit composition.
nal, which cannot be maintained by intraneuronal glycine synthesis alone. We therefore conclude that the primary function of GlyT2 is to provide substrate for the VIAATEssential Function of GlyT2 in Glycinergic Synaptic Neurotransmission catalyzed transport of glycine into synaptic vesicles rather than to shape the time course of glycinergic neuImmunocytochemical studies have shown that, similar to other neurotransmitter transporters, GlyT2 is localrotransmission. Our inability to detect differences in 
